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Abstract. Heartland virus (HRTV; Bunyaviridae: Phlebovirus) has recently emerged as a causative agent of human
disease characterized by thrombocytopenia and leukopenia in the United States. The lone star tick (Amblyomma
americanum L.) has been implicated as a vector. To identify candidate vertebrate amplification hosts associated with
enzootic maintenance of the virus, sera and ticks were sampled from 160 mammals (8 species) and 139 birds (26 species)
captured near 2 human case residences in Andrew and Nodaway Counties in northwest Missouri. HRTV-specific
neutralizing antibodies were identified in northern raccoons (42.6%), horses (17.4%), white-tailed deer (14.3%), dogs
(7.7%), and Virginia opossums (3.8%), but not in birds. Virus isolation attempts from sera and ticks failed to detect
HRTV. The high antibody prevalence coupled with local abundance of white-tailed deer and raccoons identifies these
species as candidate amplification hosts.
INTRODUCTION
Heartland virus (HRTV) is a bunyavirus (Bunyaviridae:
Phlebovirus) originally isolated from two humans experienc-
ing a persistent multifaceted syndrome including fatigue,
fever, thrombocytopenia, and leukopenia in Andrew and
Nodaway Counties, Missouri, in 2009.1 HRTV was identified
subsequently as the etiologic agent of additional disease cases
in a broader area of Missouri, and has contributed to one
death in Tennessee.2,3 Although several phleboviruses have
been isolated in the United States since the 1960s, such as Lone
Star virus (LSV; 1967),4 Sunday Canyon virus (SCV; 1969),5
and Rio Grande virus (RGV; 1973),6 HRTV represents the
first known autochthonous phleboviral pathogen of humans in
North America.1 Entomologic investigations of the original
case residences discovered HRTV-infected nymphal lone star
ticks (Amblyomma americanum L.) but no infected mosqui-
toes.7 HRTV is genetically most closely related to a recently
discovered tick-borne virus infecting humans in China known
as severe fever with thrombocytopenia syndrome virus
(SFTSV),1,8,9 which is believed to be acquired by larval ticks
feeding on viremic domestic farm animals, transstadially
passaged to the nymphal stage and transmitted to humans
by blood-feeding nymphs.10 Because of the tick exposures
reported by both of the original human cases in 2009,1 the
detection of HRTV-infected nymphal ticks in 2012 from one
of the human case residences and a nearby conservation
area,7 and the tick-associated transmission of the closely
related SFTS virus,11 HRTV was presumed to be maintained
by ticks and nonhuman vertebrate amplification host(s). The
lone star tick, the putative vector, is known to feed on a wide
range of medium- and large-sized vertebrate hosts.12,13 In an
initial study to identify domestic and wild animal populations
exposed to HRTV, wild and domestic animals in proximity
to the human case residences in northwest Missouri were
examined for the presence of attached lone star ticks, and
sera assayed for neutralizing antibodies against HRTV.
Results of this serosurvey were used to identify candidate
vertebrate reservoir host(s).
METHODS
Viruses and cells. An isolate of HRTV obtained from the
serum of an acutely ill human patient in the fall of 20091 was
used for all plaque reduction neutralization tests (PRNTs).
The isolate was passaged once on Vero E6 cells (African
green monkey kidney cell line), which produced well-defined
plaques after 9–11 days of incubation at 37°C, 5% CO2 using
a dual 0.5% agarose overlay procedure with neutral red
as described previously14 with the modification that the
secondary overlay was applied at seventh day. LSV strain
TMA 1381 (isolated from a single nymphal Amblyomma
americanum collected from a woodchuck in Kentucky in
1967)4 and SCV strain RML 52301-11 (isolated from a soft
tick, Argas cooleyi, collected near a swallow colony in
Randall County, TX, in 1969)5 were used to assess cross-
neutralization potential.
Sample collection. Serum samples were taken fromwild birds,
northern raccoons (Procyon lotor), Virginia opossums (Didelphis
virginiana), white-tailed deer (Odocoileus virginianus), eastern
fox squirrels (Sciurus niger), eastern cottontails (Sylvilagus
floridanus), and domestic animals (horses [Equus caballus],
dogs [Canis familiaris], and cats [Felis catus]). Wild birds were
trapped with Japanese mist nets of varying sizes, banded and
blood drawn by jugular venipuncture during the first 2 weeks
of August 2012. Blood was placed in serum separator tubes,
allowed to clot at ambient temperature for ~15 minutes and
centrifuged at 2,000 + g in the field prior to storage on dry ice.
Wild turkeys were trapped with cannon nets during January
2013, and blood was drawn by brachial venipuncture. Deer sera
were obtained from pooled blood in the body cavities of
hunter-killed deer during January and February 2013. North-
ern raccoons, Virginia opossums, fox squirrels, and cotton-
tails were trapped in August 2012 and summer of 2013 using
Tomahawk traps (Tomahawk Live Traps, Hazelhurst, WI)
and anesthetized with either isoflurane in customized anesthesia
chambers similar to those described previously15 or by intra-
muscular injection of ketamine/xylazine (up to 60:12 mg/kg
*Address correspondence to Aaron C. Brault, Division of Vector-
Borne Diseases, Centers for Disease Control and Prevention, 3156
Rampart Road, Fort Collins, CO 80521. E-mail: abrault@cdc.gov
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mixture for opossums, 15–20:3–4 mg/kg for raccoons and up to
38:7.6 mg/kg mixture for other species).16 Blood from these
wild mammals was drawn from either the jugular or saphe-
nous vein and placed into collection tubes containing ethyl-
enediaminetetraacetic acid (EDTA) and/or serum separator
tubes. These tubes were centrifuged in the field for separation
of serum as described above and sera were transferred to
cryovials for freezing and transport. Wild mammals were
individually marked with ear tags and released at their loca-
tions of capture on recovery from anesthesia. Blood was
drawn from horses in the field and from dogs and cats through
the participation of local veterinary clinics in August 2012
by jugular or saphenous venipuncture, and serum or plasma
was extracted in a similar manner as described for raccoons
and opossums. All animals were screened for ticks and, if
present, ticks were removed with forceps, placed in a cryovial
and frozen on dry ice. See Figure 1 for a map of field col-
lection sites.
Virus isolation.All samples were assayed for virus isolation
by plaque assay on Vero E6 cells as previously described.14 In
brief, 100 mL serum (diluted 1:5 or 1:10) was added to conflu-
ent cell monolayers in 6-well plates, incubated for 60 minutes
at 37°C, and a 3 mL agarose overlay was added to each well.
Secondary overlay with neutral red was added on day 7 post-
inoculation and plates were observed for an additional 7 days
to confirm the growth of any viral plaques.
Cross-neutralization between HRTV and LSV and SCV.
Cross-neutralization was evaluated for three native North
American phleboviruses, HRTV, LSV, and SCV. Antisera to
these viruses were provided by the Division of Vector-Borne
Diseases, Centers for Disease Control and Prevention (CDC)
arbovirus reference collection, and were composed of human
convalescent serum obtained from one of the two original
HRTV cases and mouse hyperimmune ascites fluid generated
against LSV and SCV. The optimal threshold for serum neu-
tralization was assessed at a series of thresholds (90%, 80%,
and 70%) to identify the optimal range for maximum sensitiv-
ity without loss of specificity.
Plaque reduction neutralization testing. Neutralization
tests were performed with a human HRTV isolate described
above. PRNT assays were performed by mixing equal vol-
umes of 2-fold serially diluted sera with an equal volume of
virus suspension containing approximately 100 plaque-
forming units (PFU) of HRTV per 0.1 mL, and incubating
at 37°C for 1 hour. The virus–serum mixtures were then
adsorbed onto Vero E6 monolayers using 6-well cell culture
dishes by incubating for 1 hour at 37°C. Cultures were then
overlaid with 3 mL of 0.5% agarose in nutrient media
followed by a secondary overlay containing neutral red at
day 7 postinoculation as described above.14 Samples were
initially screened at a 1:10 serum dilution against HRTV and
any samples that demonstrated at least 50% neutralization
against either virus were titrated in duplicate up to a 1:2,560
serum dilution using both HRTV and LSV. PRNT endpoints
were calculated at the 70% neutralization threshold.
Tick processing and screening. All ticks were identified,
categorized by life stage, and either pooled or triturated indi-
vidually. Supernatants were inoculated onto Vero E6 cells
and assessed for cytopathic effects for 10–14 days. In addition,
RNA was extracted from all tick homogenates, and quantitative
reverse transcription polymerase chain reaction (qRT-PCR)
for HRTV RNA was performed as described previously.7
RESULTS
Cross-neutralization assessment between HRTV and LSV
and SCV. Empirical cross-neutralization between viruses and
homologous and heterologous antisera was assessed at a
series of thresholds. A 70% endpoint was determined to pro-
vide optimal sensitivity without sacrificing the capacity to sero-
logically differentiate between viruses. Mouse immune sera
generated against LSV and SCV demonstrated homologous
reciprocal neutralizing titers (PRNT70) of ³ 320 with a heterol-
ogous titer against HRTV of < 20. In contrast, human HRTV
convalescent serum exhibited a homologous titer of 160 with
heterologous neutralizing titers of 20 against both LSV and
SCV (Table 1). These results indicated serological distinction
(4-fold or greater difference in a two-way beta PRNT assay)
between HRTV and two other potential domestic phleboviral
infections from wild and domestic animal samples.
Detection of phlebovirus/HRTV-neutralizing antibodies in
vertebrate sera. Serum and plasma samples from a total of 299
domestic and wild animals were screened for the presence
of phlebovirus-neutralizing antibodies. Of them, 56 (15.4%)
positive samples were identified (Table 2) demonstrating
phlebovirus-neutralizing antibodies. Although none of 26 spe-
cies of birds (139 specimens in total) (Table 3) demonstrated
at least a 50% reduction in plaque formation at the 1/10
screening dilution against either HRTV or LSV, 35% of wild
and domestic mammalian species (56 of 160 samples) were
Figure 1. Map of approximate trapping and sample collection
locations for birds, domestic mammals, and wild mammals.
Table 1
Cross-neutralization of HRTV, LSV, and SCV using a 70% neu-
tralization threshold for a positive titer
Virus a-HRTV a-LSV a-SCV
HRTV 160 < 20 < 20
LSV 20 ³ 640 < 20
SCV 20 < 20 320
HRTV = Heartland virus; LSV = Lone Star virus; SCV = Sunday Canyon virus.
Homologous virus/antisera comparisons are designated in bold.
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found to neutralize HRTV or LSV at this dilution. Mammals
demonstrating exposure to phleboviruses included raccoon,
white-tailed deer, horse, dog, and Virginia opossum (Table 2).
White-tailed deer demonstrated the highest phlebovirus sero-
prevalence rate of the taxa assayed at 64%. All animals that
screened positive were tested for cross-neutralization between
HRTV and LSV to determine if the response was specific for
either virus using a 4-fold difference as the criterion for spe-
cific neutralization. A large proportion of HRTV-positive
deer and, to a lesser extent, raccoons also demonstrated neu-
tralizing titers for LSV that were within the 4-fold threshold
and were considered phlebovirus reactive with an indeter-
minate etiology. Of the phlebovirus-reactive samples, 29 rac-
coon, 2 deer, 5 horse, and single positive dog and opossum
samples were confirmed HRTV reactive by this criterion. One
raccoon was confirmed LSV positive; the infecting agent could
not be distinguished for the remaining samples.
Screening of samples for evidence of HRTV infection. All
ticks that were collected from vertebrate hosts at the time of
sampling and subsequently tested were determined to be neg-
ative for HRTV RNA by qRT-PCR and infectious virus by
plaque assay. A total of 180 tick pools containing larvae,
nymphs, or adults were tested. Ticks removed from raccoons
accounted for 136 samples, with 66 (49%) identified as
Amblyomma americanum, 55 (40%) as Dermacentor variabilis,
and the remaining 15 (11%) various Ixodes spp. Twenty-nine
ticks were identified from opossums, with only 1 (3%)
Amblyomma americanum and 28 (97%)Dermacentor variabilis.
Ticks removed and tested from three horses and two rabbits
were all Amblyomma americanum. Ticks from deer included
53 Dermacentor albipictus and 2 Ixodes spp.
HRTV was not detected in any of the serum samples from
mammals or birds by plaque assay. One serum sample from a
Virginia opossum was positive for West Nile virus (Flaviviridae:
Flavivirus) by plaque assay,17 andMermet virus (Bunyaviridae:
Orthobunyavirus) was isolated from serum of a tufted titmouse
(Baeolophus bicolor).
DISCUSSION
HRTV was found to be serologically distinguishable from
two other known tick-borne phleboviruses of North America,
SCV and LSV. Known high-titer antisera produced in mice
against LSV neutralized LSV at more than a 4-fold (³ 32-fold)
higher dilution than HRTV or SCV. Similarly, hyperimmune
ascites fluid generated from SCV inoculation exhibited neu-
tralization at ³ 16-fold higher dilutions for SCV compared
with either HRTV or LSV. Reciprocal comparisons using
the HRTV convalescent human serum demonstrated 8-fold
higher homologous titer against HRTV than against either
LSV or SCV (Table 1). These data indicate serological dis-
tinction of HRTV from alternative domestic phleboviruses by
using the herein described PRNT70 assay. The low neutraliz-
ing activity that the human HRTV antisera exhibited against
LSV and SCV could be the result of a previous exposure
to LSV, SCV, or another phlebovirus or could indicate a
low cross-neutralization of HRTV antisera with the alter-
native phleboviruses.
The vertebrate serosurvey results presented herein have
revealed a broad range of mammalian species, both wild and
domestic, that have been exposed to phleboviruses and spe-
cifically to HRTV in close proximity to the initially described
HRTV case–patient residences. The catholic feeding behavior
of Amblyomma americanum is consistent with these findings.
Although different life stages of Amblyomma americanum
have been associated with feeding on avian hosts,12,18 no avian
serum assayed in this study demonstrated any evidence of
phlebovirus antibodies, indicating the possible refractoriness
Table 2
Mammals tested for HRTV-neutralizing (PRNT70) antibodies
Taxon N Number of Phlebo-neutralizing positive % Positive* Number of HRTV-neutralizing positive % Positive†
Northern raccoon (Procyon lotor) 68 40 58.8 29 42.6
White-tailed deer (Odocoileus virginianus) 14 9 64.3 2 14.3
Horse (Equus ferus caballus) 23 5 21.7 4 17.4
Dog (Canis lupus familiaris) 13 1 7.7 1 7.7
Virginia opossum (Didelphis virginiana) 26 1 3.8 1 3.8
Eastern cottontail (Sylvilagus floridanus) 10 0 0 0 0
Fox squirrel (Sciurus niger) 4 0 0 0 0
Domestic cat (Felis catus) 2 0 0 0 0
HRTV = Heartland virus; LSV = Lone Star virus; PRNT = plaque reduction neutralization test.
*Demonstrated ³ 1/10 PRNT50 titer upon initial screening with HRTV.
†Demonstrated a ³ 4-fold PRNT70 titer to HRTV compared with LSV.
Table 3
Birds tested for HRTV-neutralizing (PRNT50) antibodies
Bird species (common name) Scientific name Number sampled
Northern cardinal Cardinalis cardinalis 24
Mourning dove Zenaida macroura 16
American goldfinch Spinus tristis 14
House sparrow Passer domesticus 12
Black-capped chickadee Poecile atricapillus 11
Indigo bunting Passerina cyanea 7
Tufted titmouse Baeolophus bicolor 7
Wild turkey Meleagris gallopavo 6
Downy woodpecker Picoides pubescens 5
Eastern wood pewee Contopus virens 5
Red-eyed vireo Vireo olivaceus 5
Carolina wren Thryothorus ludovicianus 4
Summer tanager Piranga rubra 4
White-breasted nuthatch Sitta carolinensis 4
Hairy woodpecker Picoides villosus 3
Baltimore oriole Icterus galbula 2
Chipping sparrow Spizella passerina 1
Eastern bluebird Sialia sialis 1
Eastern towhee Pipilo erythrophthalmus 1
Field sparrow Spizella pusilla 1
Gray catbird Dumetella carolinensis 1
House wren Troglodytes aedon 1
Least flycatcher Empidonax minimus 1
Rose-breasted grosbeak Pheucticus ludovicianus 1
Red-bellied woodpecker Melanerpes carolinus 1
Yellow-bellied flycatcher Empidonax flaviventris 1
HRTV = Heartland virus; PRNT = plaque reduction neutralization test.
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of avian hosts to HRTV infection. However, few ticks were
detected on the 139 birds handled for this study, and the major-
ity of these were Ixodes spp. (data not shown). In addition, the
use of mist nets resulted in a sampling of a great range of
passeriform species (Table 3) that, unlike ground-foraging
columbiform or galliform birds, could have a lower exposure
rate to ticks. In contrast, large numbers of Amblyomma
americanum and Dermacentor variabilis were removed from
raccoons and opossums. Ticks removed from deer in winter
were primarilyDermacentor albipictus. The coincidence of high
seroprevalence for HRTV infection and massive tick infesta-
tions of these mammals further implicates tick species as an
important natural vector of HRTV. The highest phlebovirus-
neutralizing antibody rate was observed in white-tailed deer, a
species that has been documented to serve as a host for all life
stages of Amblyomma americanum.12 Raccoon was also iden-
tified as a potential HRTV amplifier with a high incidence of
exposure to Amblyomma americanum and subsequently dem-
onstrated a high seroprevalence for HRTV infection deter-
mined by detection of HRTV-neutralizing antibody. The
presence of neutralizing antibodies does not provide direct
evidence of vertebrate reservoir capacity of any given animal
species and is merely indicative that these hosts were exposed
and mounted an immune response sufficient for detection of
the host neutralizing antibody response. Nevertheless, the high
seroprevalence in raccoons compared with opossums could be
due to the feeding preferences of the tick vector, considering
that Amblyomma americanum was found to parasitize rac-
coons more frequently than opossums in this study.
Despite screening of larvae, nymphal, and adult stage lone
star ticks in the study sites adjacent to the index human cases
used for the vertebrate survey presented herein, only nymphal
ticks have been reported to be infected with HRTV.7 This
finding indicates that ticks were either infected as larvae and
the infection was passed transstadially to the nymphal stage or
transstadial passage of virus to the nymphal stage resulted
from transovarial infection through the egg of an infected
adult female. Nevertheless, the lack of viral isolations from
larvae or adult Amblyomma americanum denotes the likeli-
hood of the former manner of transmission. Evidence of
transovarial transmission of Rio Grande virus, a woodrat-
associated phlebovirus isolated originally in Texas, in
phlebotamine sand flies could support this potential infection
route of HRTV in ticks.19 Another possibility is that HRTV
could be transmitted horizontally from infected nymphal
ticks co-feeding with noninfected nymphs, as observed in
experimental infections with Thogoto virus.20 Elucidation of
these infection mechanism(s) could provide valuable informa-
tion on not only the vector transmission cycle of HRTV, but
could also further incriminate vertebrate species’ involvement
in the transmission cycle as different life stages of Amblyomma
americanum have different feeding preferences on various
mammalian hosts. For instance, Amblyomma americanum
adults typically feed on white-tailed deer,12,21 whereas larval
and nymphal lone star ticks feed on deer in addition to a vast
number of small mammals and birds.12,18,22,23
On the basis of the elevated exposure rates of HRTV
among white-tailed deer, horse, and raccoon, future experi-
mental infection studies with these taxa are warranted to
assess the magnitude and duration of viremia that could impli-
cate them as competent reservoir hosts. Previously published
studies in domestic animals in proximity to human SFTSV
infections in Shandong Province, China, demonstrated up to
95% seropositivity in goats,24,25 as well as detectable anti-
body titers in sheep, cattle, dogs, pigs, and chickens.26 An
epidemiological study further implicated goat ownership and
exposure to Haemaphysalis longicornis ticks as risk factors
for SFTSV infection in Jiangsu Province, China.10 Goats
were not assessed for HRTV-neutralizing antibodies in this
study as this species of domesticated animal was absent in
our study sites.
Bunyaviruses have a tripartite genome consisting of small,
medium, and large genomic segments.8 Coinfection of arthro-
pods with more than one bunyavirus can result in reassortment
of the genetic segments. Specifically, reassortment of phlebo-
virus segments has been described recently with the small
segments of different SFTSV strains.27 This could have impli-
cations on the serological assays performed in this study
as there was some evidence that LSV and HRTV were co-
circulating in the two study sites. The close genetic identity of
LSV with HRTV8 indicates the likely compatibility of
reassortant viruses and the potential that such reassortants
could confound some serological assessments of HRTV and
LSV host associations. In this serosurvey, only one of the sam-
ples expressed 4-fold or higher neutralization of LSV com-
pared with HRTV; however, all sera samples were screened
initially against HRTV virus and this would fail to identify
some weakly reactive LSV-specific infections as none of the
HRTV-negative samples were screened initially against LSV
virus. In addition, unknown amplification hosts that were not
surveyed in this study, either due to species-targeted sampling
approaches or mortality following natural infection, could play
a role in enzootic maintenance. These data serve to provide the
first indications of potential reservoir hosts for the natural
transmission cycle of HRTV and serve to initially target certain
hosts for experimental infection studies that could identify ani-
mal models for HRTV infection and transmission as well as
competent reservoir host(s).
Although the object of this serosurvey was in part to iden-
tify candidate amplification hosts, based on detection of expo-
sure between HRTV and specific animal populations, the
results also provide a guide for targeting sentinels that can be
used to monitor for HRTV activity in northwest Missouri or
beyond. Raccoons appear to be the most efficient sentinels
for detection of HRTV-specific antibodies, whereas the low
seroprevalence in opossums detracts from this species’ utility
as a sentinel. Deer blood may be obtainable from hunting
activities in the fall and winter, and raccoons can be easily
trapped. Domestic animals were a less sensitive indicator for
local transmission activity because of their lower seropreva-
lence. Nonetheless, because of their close association with
human populations, blood from horses and dogs can be read-
ily obtained from veterinary practices and may be useful in
certain circumstances, especially when the animals have been
housed in defined locations. Animals that travel with their
owners would present uncertainty for interpreting the loca-
tion of seroconversion and hence reduce their utility as senti-
nels for local transmission.
To conclude, we have shown that a variety of domestic and
wild mammals have been exposed to HRTV infection in north-
west Missouri where the index human cases resided. Raccoons
and potentially deer represent efficient wildlife sentinels,
whereas horses and dogs may be useful peridomestic indicator
species. More field data and transmission and infection studies
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utilizing Amblyomma americanum as vectors will be required
to conclusively implicate any of these vertebrate hosts as
important amplifiers.
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